Introduction
============

Radiotherapy and/or chemotherapy can be detrimental to the reproductive function of women, and can cause decreased ovarian function or ovarian failure \[[@B1]\]. Fertility preservation techniques, such as oocyte, embryo, or ovarian tissue cryopreservation, have come to play an important role in preserving the reproductive function of cancer survivors \[[@B2]\]. Ovarian tissue cryopreservation can be applied to cancer patients who require immediate cancer treatment and who have no spouse or partner, as well as to pre-pubertal girls \[[@B3][@B4][@B5]\].

Although ovarian tissue cryopreservation is a promising technique, some issues remain to be addressed before it can be considered to be securely established. Several cryoinjury-related events such as follicle loss, stromal cell destruction, and apoptosis can occur during the cryopreservation process \[[@B6]\]. In order to alleviate the cryoinjury of ovarian tissue and improve its survival, techniques are being developed to optimize cryoprotectants by modulating their composition and concentration, as well as through supplementation with various additives \[[@B7][@B8][@B9]\].

Antifreeze proteins (AFPs) are groups of polypeptides produced by vertebrates, insects, fungi, bacteria, and plants, and play a role in survival in below-zero temperatures \[[@B10]\]. DeVries and Wohlschlag \[[@B11]\] first discovered AFPs in the serum of Antarctic fish in 1969, and thereafter multiple animal studies have reported that AFPs had a positive effect on the survival of oocytes, embryos, and ovaries during cryopreservation \[[@B12][@B13]\]. AFPs have been reported to bind to ice crystals and inhibit their growth and recrystallization by lowering the freezing point below the equilibrium melting point \[[@B14]\]. AFPs also protect cell membranes from physical injury \[[@B15][@B16]\]. Bagis et al. \[[@B17]\] reported that the litter sizes of mice with freshly transplanted ovaries were comparable to those of mice with AFP-transplanted transgenic ovaries, whereas those from nontransgenic-transplanted ovaries were significantly smaller, which was argued to demonstrate the beneficial effects of AFPs on ovarian tissue vitrification. Therefore, it can be expected to reduce cryoinjury during cryopreservation and to enhance survival by maintaining the follicular structure in the mouse ovary.

Several previous studies have demonstrated that AFPs, including *Flavobacterium frigoris* ice-binding protein (FfIBP) and type III AFP, had a beneficial effect on the preservation of mouse oocytes or ovaries during vitrification and warming \[[@B14][@B18]\]. Lee et al. \[[@B13]\] showed that FfIBP and type III AFP, as well as glycosylated ice-binding protein, improved the quality of oocytes and embryos after the vitrification and warming of mouse oocytes. In addition, Lee et al. \[[@B19]\] demonstrated that supplementation with those AFPs had protective effects on follicle preservation during mouse ovarian tissue vitrification and warming.

In the present study, we investigated whether the combination of FfIBP and type III AFP improved the follicular integrity of vitrified-warmed mouse ovaries.

Methods
=======

1. Experimental animals and collection of mouse ovaries
-------------------------------------------------------

Seventy-seven 5-week-old female BDF1 mice (Orient Bio, Seongnam, Korea) were used. The mice were housed under a 12-hour light and 12-hour dark cycle at 22℃, and fed ad libitum in accordance with the guidelines established by the Institutional Animal Care and Use Committee of Bundang Hospital, Seoul National University. After 1 week of adaptation, the mice were sacrificed by cervical dislocation and their ovaries were resected.

2. Vitrification and warming of mouse ovaries
---------------------------------------------

The mouse ovaries (n=154) were randomly assigned into a non-supplemented vitrified control group and three vitrified groups where the vitrification and warming solutions were supplemented with 10 mg/mL of FfIBP, 10 mg/mL of type III AFP, and the combination thereof. Each AFP concentration was determined as previously reported \[[@B13]\]. The chemical properties of the two AFPs used in this study are summarized in [Table 1](#T1){ref-type="table"}.

Vitrification was performed using a two-step method. Dulbecco\'s phosphate-buffered saline (DPBS; Gibco, Carlsbad, CA, USA) supplemented with 20% fetal bovine serum (FBS, Gibco) was used as a basic medium. For the first step, the ovaries were equilibrated in a solution composed of 7.5% ethylene glycol (EG; Sigma-Aldrich, St. Louis, MO, USA) and 7.5% dimethyl sulfoxide (DMSO, Sigma-Aldrich) for 10 minutes. Then, the ovaries were transferred to a vitrification solution composed of 20% EG, 20% DMSO, and 0.5 M sucrose (Sigma-Aldrich) for 5 minutes. The ovaries were placed on an electron microscopic copper grid (JEOL, Tokyo, Japan) and immediately transferred to 1.5 mL cryovials (Nunc, Roskilde, Denmark) that were already filled with liquid nitrogen. All procedures were performed at room temperature.

For the warming procedure, the cryovials containing the vitrified ovaries were put into a 37℃ water bath and then transferred to warming solutions serially supplemented with 1.0 M, 0.5 M, 0.25 M, and 0 M sucrose for 5 minutes each. After warming, the ovaries were incubated in α-minimal essential medium (Welgene, Daegu, Korea) supplemented with 10% FBS and 10 mIU/mL of recombinant follicle stimulating hormone (Serono, Geneva, Switzerland) for 30 minutes in a humidified incubator maintained at 37℃ and 5.5% CO~2~. This short incubation period was found to have enhanced the survival of mouse ovarian tissue in our previous studies \[[@B7][@B18]\]. The ovaries were washed and transferred to 1 mL of culture medium in an organ dish (BD Biosciences, San Jose, CA, USA) covered with oil.

3. Histological analysis of ovarian follicles
---------------------------------------------

All the ovaries (n=154) were fixed with 4% paraformaldehyde, embedded in a paraffin block and serially sectioned at a thickness of 4 µm. Only one section was obtained from each ovary. Some of the paraffin section slides (n=77) were stained with hematoxylin and eosin (Merck, Darmstadt, Germany) and observed under light microscopy (Nikon, Tokyo, Japan) at ×400 magnification. The follicles were assessed and counted if they included an oocyte. The follicle stage was assessed as primordial, primary, secondary, or antral according to previous guidelines \[[@B20]\]. As shown in [Figure 1](#F1){ref-type="fig"}, the morphological integrity of each follicle was evaluated using the following criteria, with grade 1 considered the most intact form, as previously reported \[[@B21]\].

### 1) Primordial/primary follicle

Grade 1, spherical with even distribution of the granulosa cells; grade 2, granulosa cells pulled away from the edge of the follicle but with the oocytes still spherical; grade 3, pyknotic nuclei, misshapen oocytes, or vacuolation.

### 2) Secondary/antral follicle

Grade 1, intact spherical follicle with evenly distributed granulosa and theca cells, a small space between granulosa and theca cells, and spherical oocytes; grade 2, intact theca cells, disrupted granulosa cells, and spherical oocytes; grade 3, disruption and loss of granulosa and theca cells, pyknotic nuclei, and missing oocytes.

4. Assessment of apoptotic follicles by TUNEL assay
---------------------------------------------------

The remaining paraffin section slides (n=77) were stained using a terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay kit (*in situ* cell death detection kit; Roche, Mannheim, Germany). In brief, after deparaffinization and rehydration, the sections were rinsed with DPBS and treated with 0.8% proteinase K (Dako, Glostrup, Denmark) at room temperature for 15 minutes, and then incubated with a TUNEL reaction mixture for 1 hour in a 37℃ humidified chamber in the dark. After washing, the sections were mounted with Vectashield mounting medium with 4′,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA) and visualized under an inverted Zeiss AX10 fluorescence microscope (Carl Zeiss, Oberkochen, Germany). Green fluorescence was detected in the follicular cells containing fragmented DNA at an excitation wavelength of 450 to 500 nm and a detection wavelength of 515 to 565 nm. Blue fluorescence was visualized in the counterstained normal follicular cells at an excitation wavelength of 360 nm and an emission wavelength of 460 nm. As shown in [Figure 2](#F2){ref-type="fig"}, when green fluorescence was detected in more than 30% of a single follicle, the follicle was regarded as apoptotic, according to previously published guidelines \[[@B7][@B9][@B22]\]. Three slides could not be counted due to staining errors.

5. Statistical analysis
-----------------------

The proportions of intact (grade 1) follicles overall and according to follicular stage, as well as of apoptotic follicles as a whole in each ovarian section, were calculated and compared using the chi-square test. Data were analyzed using SPSS ver. 18.0 (SPSS Inc., Chicago, IL, USA). The *p*-values \<0.05 were considered to indicate statistical significance.

Results
=======

The proportion of intact follicles (grade 1) as a whole was significantly higher in the type III AFP-supplemented group and the combination group, and the proportion of intact primordial or secondary follicles was significantly higher in all three AFP-supplemented groups than in the non-supplemented control group ([Table 2](#T2){ref-type="table"}). However, the proportions of intact primary and antral follicles were similar between each AFP-supplemented group and the control. Ovarian tissue images from the four groups are provided in [Figure 3](#F3){ref-type="fig"}.

Among the three AFP-supplemented groups, the proportions of intact follicles as a whole and according to follicular stage were all similar.

The proportions of non-apoptotic (TUNEL-negative) follicles as a whole were all similar between each AFP-supplemented group and the control group ([Table 3](#T3){ref-type="table"}).

Discussion
==========

In the present study, supplementation of the vitrification and warming solutions with FfIBP, type III AFP, or the combination thereof was found to have beneficial effects on the preservation of follicles overall and primordial follicles in particular in vitrified mouse ovaries. The proportions of intact follicles (as a whole or among the primordial follicles) were similar between the FfIBP-supplemented and the type III AFP-supplemented-groups, and the results from both groups were also similar to those obtained from the combination group; thus, the combination of FfIBP and type III AFP appears to be unnecessary for the cryoprotection of mouse ovaries during vitrification.

We initially expected that the combination of FfIBP and type III AFP would yield an enhanced outcome in comparison to the use of FfIBP or type III AFP alone due to their complementary synergic effects. FfIBP and type III AFP differently act on different ice surfaces because each AFP type is distinct in terms of structure and AFP-ice binding area, and such structural diversity leads to different structure-function relationships \[[@B23][@B24]\]. The combination of two AFPs might result in a relatively higher concentration of cryoprotectants, meaning that the synergistic effects may have counterbalanced each other. It is well known that overly high concentrations of cryoprotectants induce considerable osmotic stress and result in follicle damage in cryopreserved mouse ovaries \[[@B25]\].

In the field of fertility preservation, primordial follicles are considered ideal for preservation because they are the most abundant in the ovary and are resistant to the cryopreservation-thawing procedure due to their small size, lack of organelles, and metabolically quiescent stage \[[@B26][@B27]\]. From this point of view, FfIBP and type III AFP were equally effective in preserving primordial follicles in vitrified mouse ovaries.

In the present study, the overall morphological follicular integrity was much better in the AFP-supplemented groups; however, the proportions of non-apoptotic follicles were similar to those of the non-supplemented control group. This indicates that the follicles in the vitrified-warmed mouse ovaries may have been damaged, as indicated by apoptotic events, despite being morphologically intact.

In the present study, AFP treatment improved the integrity of primordial and secondary follicles, but not the integrity of primary and antral follicles. The reasons for this are largely unknown, but the relatively small number of primary and antral follicles may have affected the results. When we performed histologic assessments of the ovarian follicles, we examined only one section from each ovary. This avoided duplicated counts from the same follicle, but may have resulted in a smaller number of specific types of follicle in individual ovarian sections. However, we used a relatively large number of mice to reduce such problems.

In the present study, vitrified-warmed mouse ovaries underwent a 30-minute post-warming incubation procedure to stabilize the tissues. During the vitrification and warming, mouse ovarian tissues may be damaged due to ice crystal formation and/or recrystallization. During vitrification, cells or tissues are transformed into a glass-like form without the formation of ice crystals, but ice recrystallization can actually occur during the warming process \[[@B28]\]. Post-warming short-term incubation can reduce ice recrystallization during the warming process. In our previous studies, we tested various times of post-warming incubation in vitrified mouse ovaries and found that 30 minutes of post-warming incubation was optimal \[[@B7][@B18]\]. Therefore, we suggest that vitrified-warmed mouse ovaries undergo a 30-minute incubation procedure before transplantation.

In conclusion, to the best of our knowledge, this is the first report to evaluate the cryoprotective effects of FfIBP, type III AFP, and the combination thereof on the vitrification of mouse ovaries. We demonstrated that supplementation with FfIBP, type III AFP, and the combination thereof had comparable effects on follicle integrity enhancement as a whole, as well as in primordial follicles specifically. Further studies are necessary to verify the cryoprotective mechanism of AFPs.
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![Morphological classification of mouse ovarian follicles stained with hematoxylin and eoxin (original magnification ×200). The horizontal axis represents the developmental stage of the follicles. The vertical axis represents the quality of the follicles. G1, good; G2, fair; G3, bad. Each arrow indicates the corresponding developmental stage and quality of the follicle.](cerm-44-8-g001){#F1}

![Representative image of fluorescent terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining on vitrified-warmed ovaries (original magnification ×100). (A) A positive control. (B) A negative control. (C) TUNEL-positive follicles (arrows).](cerm-44-8-g002){#F2}

![Representative images of hematoxylin and eosin staining from the four groups according to the type of antifreeze protein (AFP) treatment. (A) Vitrified-warmed control. (B) Group treated with 10 mg/mL of *Flavobacterium frigoris* ice-binding protein (FfIBP). (C) Group treated with 10 mg/mL of type III AFP. (D) Combination group (10 mg/mL of FfIBP+10 mg/mL of type III AFP). The blue bar indicates 500 µm.](cerm-44-8-g003){#F3}

###### Chemical properties of the two AFPs used in this study

![](cerm-44-8-i001)

AFP, antifreeze protein; FfIBP, *Flavobacterium frigoris* ice-binding protein.

^a)^The difference between freezing point and equilibrium melting point.

###### The proportion of morphologically intact follicles (grade 1) in vitrified-warmed mouse ovaries supplemented with two types of AFP or a combination thereof

![](cerm-44-8-i002)

Values are presented as percent (number).

AFP, antifreeze protein; FfIBP, *Flavobacterium frigoris* ice-binding protein.

^a)^*p*\<0.05 when compared with the data in the non-supplemented group.

###### The proportion of non-apoptotic follicles in vitrified-warmed mouse ovaries supplemented with two types of AFP or the combination thereof
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AFP, antifreeze protein; FfIBP, *Flavobacterium frigoris* ice-binding protein.

^a)^The proportions of non-apoptotic follicles were similar across the four groups.
